A. Kornyshev (Imperial College London, London, UK ). For life, we also need light, so we need surface. If you speak of the amount of other elements, they are in the Earth and we know that the dominant part of the surface is covered by water, and I think that water simply won the competition. There was so much water that life probably adjusted to the opportunity it had here, and when we are discussing, for example, what happens with our proteins when we put them into other solvents, they have not been trained to be there. So, it is an issue of competition, and the accessibility of the sun-and not only of the surface but also of surface layers, because of the transparency of water to visible light.
seen examples of water molecules in the interiors of proteins-it would necessarily force it apart and disturb this delicate balance. I think that that is right. However, the heat capacities of the amidic solvents are very high too, so we could just about get away with that bit.
With respect to enthalpy-entropy compensation, although it does occur in water, you see it all over the place. Physical organic chemistry is dominated by enthalpy-entropy compensation in a whole range of solvents. What one finds is that the characteristic temperature associated with the compensation behaviour changes from solvent to solvent.
J. B. F. N. Engberts. You are right, but I think the magnitude of the changes in enthalpy and entropy with temperature are unusually large. Nevertheless, the compensation effect results in only modest changes in Gibbs energy. I think, as far as I have seen, at least in organic chemistry, there is no other solvent for which the changes in heat capacity are so large.
T. H. Lilley. I agree. Water is more characteristic than most.
M. Stoneham (Department of Physics and Astronomy, University College London, London, UK ). We have talked about water in a lot of ways, as part of processes, as part of transport, as a chemical element, as an enabler of other things, as a hydrostatic pressure and so on. Surely one of the things water does outstandingly well is it allows you to have simple system integration of very complicated systems like the life forms in this room. You can imagine other simpler forms working for simpler life forms, but it is the economy of water in allowing you to do all those things with one molecule. Now when you talk about the silica case, then O 2 Si is very like H 2 O in many ways. There are a lot of amorphous forms and there are a lot of crystalline forms. At high temperature, you might indeed imagine something happening, and of course it has special features like the fact that it will incorporate just about anything. Which is why we have glasses, and when people want to encapsulate things like nuclear waste they do it in silicabased glasses because they have that variety. If we only want a simple form of life that shows your three aspects of synthesis, metabolism and reproduction, there may well be something based on silica. It will not be anything like as complex as us, I suspect.
T. H. Lilley. I agree with that. Of course, one can have systems, and modify solvent systems, so you get some of the elements of life processes. You can get self-assembly quite easily by, for example, making peptides and having a charge on the peptides, and then putting them into a low dielectric solvent. If the charges match, usually in a head-to-tail sort of arrangement, things do come together and you get self-assembly. But they do not metabolize. They certainly do not reproduce.
A. J. Alexander (School of Chemistry, University of Edinburgh, Edinburgh, UK). You mentioned a list of common elements on Earth that could potentially be used. One idea I had there was: can you get, for example, H 2 S liquidized? What are the chances of using that as a solvent-it is very similar to water in many ways, but of course sulphur is slightly different. And sulphurous atmospheres exist on other planets. I do not know if any planetary scientists are here who can comment on that aspect of it. But certainly in terms of life it seems to me there are key things about the way that we are made up. There have to be polymers, there have to be building blocks: there are building blocks in DNA, there are building blocks in proteins. They have to be flexible, they have to be able to move. We have not really addressed, as you suggested, thinking 'outside the box'. I am wondering if there are any other atoms like sulphur that could replace the kind of chemistry that we are based on.
T. H. Lilley. I think the answer is I do not know. One of the things that happens if you start dealing with covalent bonds rather than non-covalent bonding interactions, and if one is looking for flexibility in those-a degree of bending if you like-you have got to be at really high temperatures. One of the things that can happen when you go to high temperatures is that you move away from ground electronic states to higher electronic states, higher excited states, and those excited states need not necessarily have the same valencies, for example, as the ground electronic state. So, you can have a whole range of new things happening if one went to very high temperatures. I think all I would say is that it is difficult to extrapolate from the sort of chemistry that we know to that sort of chemistry.
F. Franks (BioUpdate Foundation, London, UK). Have we been given a hint by life as we know it, in that the only covalent bonds in proteins that are not in the normal chain are the disulphide bonds? Is there a hint there?
T. H. Lilley. I think there may well be, Felix, but it might well be partly statistical. It might well be just because of the relatively small amount of sulphur there is around compared to, say, oxygen. I do not know.
P. Halling (Department of Chemistry, University of Strathclyde, Glasgow, UK) . We have had a lot of what are basically chemists' viewpoints on this. Now I am in a chemistry department where they insult me from time to time by calling me a biologist. I am going to attempt a biologist's answer to a couple of these issues. There are, I think, two questions.
Firstly, could life based on known biomolecules exist without water? I am going to offer a definitive answer of no as an experimental result. On the Earth, we have known biomolecules. We have plenty of places where water is not readily available, places of very low water activity. If known biomolecular life had been able to evolve to grow in them, we would see it; it would be there. Unless we have failed to detect it, it just is not there with known biomolecules.
The second, more general, question is, of course, could other types of life exist without water? What I would say here is that studies on biomolecules found on Earth will tell us absolutely nothing about the answer to that question because they have specifically evolved to work in an environment where there is plenty of water. What they do in the absence of water tells us nothing about what molecules that are designed to work in the absence of water might be able to do.
Phil. Trans. R. Soc. Lond. B (2004) T. H. Lilley. I agree there. But actually, we know that water is important for us at the temperature at which we operate. We certainly know that. My view in terms of living on planet Earth under the conditions that prevail here, is that water is of course, certainly essential to our life.
An interesting question is where the water comes from. Felix Franks and I discussed this briefly the other day. It might be a three-body collision. My guess is it is not-it is probably a whole string of two-body collisions in that you go from hydrogen atoms to hydrogen molecules, and then perhaps collide with an oxygen atom. It would go that way. But then when one looks at interstellar space where there are huge amounts of water out there-and also lots of hydrogen and a fair amount of oxygen-you would think then: how did the hydrogens and oxygens actually get together, because everything is so dilute and cold out there? My answer to that is simply that the universe has been around a long time, and it has just had time to do it.
R. M. Daniel (Department of Biological Sciences, University of Waikato, Hamilton, New Zealand ). I would like to take an alternative view to Peter [Halling] . I think we are being a bit conservative. About 15 years ago, I was running a thermophile meeting composed almost entirely of people whose main aim in life was to find an organism that grew at a higher temperature than anyone else. At that time, the upper limit was about 98°C. I asked the group: 'what do you think the upper temperature limit for life could be?' I was absolutely staggered that few would put their hands up for a temperature above 105°C. There were a tiny number of people who said maybe 120°C. Within about 5 years we were up to 112°C, and are now significantly beyond that.
I would speculate that within a few years we are going to be able to demonstrate that at least some enzymes can function in the complete absence of water. We are already close. We have not got rock solid evidence yet, because our water analysis techniques are not good enough to give us accurate figures for very low hydrations so we do not know for certain if we are dehydrating them completely. But if we can show anhydrous functionality, given that these enzymes all evolved to work in water, then that says a lot about what enzymes can do. They are incredibly versatile. They will work at between Ϫ100°C and ϩ135°C, they will work in solvents, they will work in gases. And that is with 20 amino acids. There are lots more out there.
So, if we can observe a 'water-evolved' enzyme work under anhydrous conditions, then personally I have no problems conceiving that life might work anhydrously. What I am certainly not clear about is whether it could originate under anhydrous conditions. So, we have got two separate issues here. But since we do not know how aqueous life originated, to try to deal with how anhydrous life might originate is certainly well beyond our scope here. But if we can make enzymes work anhydrously, I see no reason at all why life could not work anhydrously. Originate? That is another question.
T. H. Lilley. One of the things that has been mentioned a little at the conference, when one starts to talk about enzymatic processes, is the solvation of the substrate. I think we tend to forget that we focus on the enzyme, and we focus on the active site. But you have always got the substrate coming in. Its solvation properties will be changed by the solvent medium. The product will also be changed. All of these things are going on. You know, you will need to get synchrony there. Even in the simple case like that, everything has got to match, not only for the enzyme itself, but also for the substrate, and also for the product.
R. M. Daniel. I can just hear someone in the anhydrous world standing up and saying: well, look! How could it possibly work with water? Look at all these disadvantages! T. H. Lilley. I think I would come back to the point that going completely anhydrous in a solvent, unless you had the dielectric constant about right, if the charges still had to exist, there would be enormous ion-ion, chargecharge interactions going on. You might well say that would change and the charges would disappear, so we are working with essentially uncharged species. But then you would not necessarily get a change in structure, and that would necessarily lead to a change in enzymatic properties.
R D. S. Clark. Right. I do not think one can. P. Ball (Nature, London, UK ). I am wondering whether we might at least be able to rule out some of the supposed essential characteristics of water in its role in life. I came to this meeting with the kind of vague view that the threedimensional hydrogen-bonded network must be important, must be essential somehow. I find I still have that gut feeling, but I have heard nothing that convinces me that this is an essential aspect of water. I just wondered whether anyone wanted to defend the importance of the three-dimensional network.
B. Halle (Department of Biophysical Chemistry, Lund University, Lund, Sweden). Some of you have said that you could, under different conditions, imagine some simple life forms. But all known past and present life forms are pretty much as complex as we are. Even the first bacteria that lived close to 4 billion years ago had these wonderful molecular machines, like ribosomes, photosynthetic reaction centres and so on. In a sense, nothing very much happened at the molecular level in the following 3.5 billion years. So it seems that much of the molecular machinery developed in a relatively small fraction of the aqueous history of the planet and that, despite ample time, life has not been able to invade or exploit non-aqueous environments. So, you might get one enzyme to work in a But I want to get to a more general point here, which is that we are clouded by the fact that we have grown up knowing that water is important. I think the question that needs to be asked is not whether water makes it betterin fact, we know that life exists better with water-but can life exist at all in any form without it?
We can begin to look at our experiences and say that life has not evolved on this planet in the absence of water. But why not, given the selective pressures to do so? For example, when we look at enzyme catalysis in non-aqueous media, were we really surprised that the enzymatic activity was so low? And low activity because we used enzymes in the way we use an enzyme in water. Lo and behold-the activity is really poor. Hence, we had to do something different. Once we did, some enzymes became very good catalysts and in some cases better than in water, but it is in a very unusual condition. So the real question is not so much can it exist-I believe that it can. It is just that it is going to look very different. The proteins can do it, but they are going to be very different looking. I still think they are going to be catalytic, because we have examples in chemistry where we can use catalysts that do not use any water. They will bind because we have examples again in chemistry where you can have supermolecular organization that binds to things, in some cases very selectively, without water. Is it going to be natural?
No. At least we have not seen anything like that on this planet, and probably will not. On the other hand, can it happen? I think the answer is yes, and we just have to construct such a system.
T. H. Lilley. If you actually consider even the principal biopolymers that occur on Earth, all of those tricks would also have to apply for the carbohydrates, for the nucleic acids, for the lipids. I find it quite difficult to imagine that all of those would work because the chemistry and structures of these biopolymers are just so dissimilar.
J. S. Dordick. Yes, they are, and one may envisage that even the carbohydrates might be able to take over informational aspects ascribed to nucleic acids. You may not need all the basic macromolecules that operate in the cell.
The question is what would be the minimum number of events that have to take place in the cell to survive. And then, what are the characteristics of the key mechanisms? There are so many that we do not know, some macromolecules have to be catalytic, some have to be structural, some have to be binding-things like that. We have covered most of everything at that point. A few other things we have not. There is no reason to believe that large macromolecules can co-opt from others' activities and function and structure. On the other hand, I seem to think that all those macromolecules probably will also be able to function under the guise of a very different structure, a very different set of building blocks, and clearly under very different conditions.
T. H. Lilley. There might well be some truth in that of course, in that we know that some of the proteins are structural, and do not have just a catalytic role.
M. W. Ho (Institute of Science in Society, London, UK)
. I find this discussion very surrealistic. We have not actually answered the question: what is life? Nobody has mentioned consciousness, and somebody has said: why do we not download our brain to the computer-and do not forget to back yourself up!-and you will be a life form. I am not saying they should do it, but there's genetic engineering going on and it is quite possible to make other kinds of protein that work much better in the dry state and work much better in organic solvents and various things like that. Why do we stop? I think maybe we should have answered the question: what do you think life is? And depending on what you think life is, whether it is just information processing or what, then you get a different answer and you get lots and lots of possibilities.
T. H. Lilley. Certainly true. Fungi do not have too much consciousness. I do think we tend to focus on ourselves a bit-the mammals. To some extent, that restricts our thinking. Part of the reason why we focus on ourselves-and I put my hand up on this one too-is because that is where you get the funding from. If you say you want to do something on some rare bacteria, it is really quite difficult to get the funding, whereas if you say you are going to work on a mammalian protein, then it is rather easier-though still difficult! G. Zaccai (Institut de Biologie Structurale, Grenoble, France) . I have got an example that is a double-edged sword: the example of the halophiles that we heard a bit about this morning from Bill Grant. The cytoplasm of extreme halophilic organisms is almost saturated in salt. Biochemistry in these conditions is very difficult, especially as far as nucleic acid-protein interactions are Phil. Trans. R. Soc. Lond. B (2004) concerned. I do not want to say there are no examples of in vitro biochemistry of nucleic acid-protein interactions in halophiles, but there are none that I am satisfied with. I know it is very, very difficult. We tried it for many years. We had very satisfactory studies of protein-nucleic acid interactions in Escherichia coli and even in complicated eukaryotic systems, but when we tried to do what we thought would be a simple aminoacyl tRNA synthetase interaction with tRNA, for example, it was pretty much impossible. Yet we know that these things live, and that these proteins exist and that these nucleic acids exist. Therefore, it must happen. The way it usually happens is that if you have an impure extract, you can get away with it. There are even cell-free extracts to do protein synthesis under these conditions, so there are factors obviously that we do not know much about, which when we purify we lose them when we need them.
Is this an example-or a counter-example-of what Roy [Daniel] was saying? We can take it as an example that, because we have not yet found the way in which something works, it does not mean it does not work. There at least we know that because they are living, whatever this means, then it is working. If we are interested, we can look and see how they actually do it in these conditions where electrostatic interactions are very, very short ranged.
Or is it an example of what Peter Halling said? We have these extreme ecological niches, and wherever life was possible, it happened. So the fact that in niches where there was no water or in niches where we have just gaseous substrates or whatever, it has not happened. Does that mean it cannot happen?
T. H. Lilley. There was quite a lot there. I wanted to make one point that bears on the halophile thing, and I think illustrates to some extent the lack of our knowledge. I think we have to admit there are quite a lot of things that we do not know.
A few years ago, in the context of the halophiles, I started looking at some of the simple organic molecules such as betaine, sarcosine, proline-the zwitterionic ones. The student carried out a whole series of measurements looking at how the vapour pressure of water changed as a function of composition of the substance, betaine for example. Just looking at the concentration dependence in pure water, binary systems, one finds some really quite remarkable things that were unpredictable, I would have said, even with simple systems like a substituted amino acid. What we found was that, for example for the amino acid proline, when it was at high concentration in water, it behaved almost as if it were sodium chloride from a vapour pressure viewpoint. In other words, it behaved as if it were two ions rather than one species. That was completely unpredictable as far as I was concerned. That has all sorts of implications with regard to cells that actually take in proline, or produce proline, in an aqueous environment, because what it means is that a relatively small amount of proline has to be produced to give you osmotic balance. You do not have to produce twice as much as the sodium chloride. About the same, on a mole to mole basis, is all that is required. That was completely unpredictable on a very simple system, and it bears on the halophile problem. If you look at ternary systems, where you have sodium chloride added, or potassium chloride added, you get non-additive effects occurring. And there is discrimination between sodium chloride and potassium chloride.
But on the general point, perhaps others might want to respond?
A. Kornyshev. I would like to comment on Phil Ball's earlier remark. Essentially, if we need to have proton transport in the medium, we need hydrogen bonding. Other hydrogen-bonded liquids do not have such high proton conductivity, except for some ionic liquids, but they are known to be unstable; they are too complicated. So, water is very simple and can provide you with proton conductivity. So, if you need proton conductivity, among other functions, we have to have hydrogen bonding.
J. L. Finney (Department of Physics and Astronomy, University College London, London, UK). What about HF?
A. Kornyshev. We need of course a relay, Grotthus mechanism of proton transport instead of hopping of the excess proton. But water is very special in this respect, because with water, you have always a multiplication of the options for proton transfer. Indeed, water is a very democratic environment for a proton. When you have an excess proton, once it resides on an H 3 O ϩ complex, any of its three protons will be able to leave the complex. ϩ is a donor, it will provide four protons opting for further transfer. In HF, you do not have this variety of opportunities, which life likes so much.
T. H. Lilley. I do not remember all the details here, but I seem to remember that if you go into anhydrous sulphuric acid you have extremely high conductivity-for the same sort of mechanisms. So, you could use anhydrous sulphuric acid-though I would rather you did not.
B. Halle. When we look at life on this planet, the universality we see at the molecular level is very striking. There have been a lot of different initial and boundary conditions available during the history of the planet, for example, during comet and asteroid impacts, and the climate has changed dramatically. But still there is only one way to make proteins, there is only one way to do photosynthesis, there is only one way to store and transfer information. All forms of life use the same molecular mechanisms, so in the absence of counter-examples, I think we must conclude that, given the fundamental laws of physics-which give rise to the wonderful chemical diversity of the periodic T. H. Lilley. If you accept the laws of physics, and program appropriately, then the physics works. All that says is that life obeys the laws of physics too. I think that is all it says.
P. Nicholls (Department of Biological Sciences, University of Essex, Colchester, UK ). Just a point about sulphuric acid-which got a mention as a solvent, which might be appropriate for this moment.
At my High School, there were two schools of thought about what would happen if you put metallic sodium into pure sulphuric acid. One school of thought said that hydrogen would be produced, the other that SO 2 would form. So of course, one lunchtime we did the experiment. I say 'we' although I was hiding under the bench-and one of my more foolhardy colleagues dropped the lump of sodium metal into the concentrated sulphuric acid. The amazing thing was-the truly amazing experimental result was-nothing happened. And then we were a little tired of that, we peered over the bench, and my colleague added a drop of water to the mix. The sodium melted, ignited, and flew across the room. So, if anyone wishes to convince themselves of the importance of water as solvent, do the experiment, but do not say that I advised you to do so! T. H. Lilley. In that regard, I will just say one thing about water activity-it seems appropriate at this time in the early evening. A few years ago I was at a conference directed to water-activity relationships in food. The food scientists spent quite a lot of time talking about water activity. They were talking about the presence of sodium chloride and potassium chloride in fairly high concentrations in crisps-what Americans call chips-and they were concerned about the water-activity relationships there. So, I collected some data and showed that you could get exactly the same water-activity relationships for sodium chloride, potassium chloride and potassium cyanide. You know, you really would not want to put potassium cyanide in your chips, even though the water activity would be right.
G. Zaccai. I wanted to comment about the dogma that we are all following the DNA to RNA to protein path for all living organisms. This is of course true but I do not think that the current model used by people who think about evolution is believed to be the only possibility. It is certainly a highly evolved path, simply because you need the end product for all the other steps. You do not go from DNA to RNA without lots of different proteins, so even what we would consider today as the most primitive or least evolved organism is enormously evolved.
The second point is that we do not know what was there before. There are ideas about the RNA world and so on, but it is difficult to look for fossil records when you do not know what you are looking for and there is all the confusion about whether it is geological or biological, and so on. But I do not think this implies that this solution was unique. And it does not imply that it was optimized either. It just has to work. It does not have to work very well; it just has to work. Because it works, perhaps Phil. Trans. R. Soc. Lond. B (2004) fortunately, perhaps sadly, it wipes out competition. All you have to do is to wait for one generation to pass and whatever else was there is finished. So, the fact that this solution is the solution that we are living under (the solution in one sense, not the other sense) does not mean that it was the only solution in order to have life forms. B. Halle. You can wipe out dinosaurs, but you do not wipe out the hydrophobic effect or hydrogen bonds.
J. L. Finney. But effects similar to the hydrophobic interaction, and hydrogen bonds, can occur in other solvents.
J. L. Finney. This session is called Discussion and Conclusions. I have one conclusion: the audience is divided between the optimists and the pessimists. You can make up your own mind about which are the optimists and which are the pessimists… .
